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(54) SEMICONDUCTOR DEVICE AND METHOD FOR FABRICATING THE SAME 



(57) A semiconductor substrate has a first main sur- 
face with a plurality of trenches 5a sandwiching a region 
in which p and n diffusions regions 2 and 3 are formed 
to provide a p-n junction along the depth of the 
trenches. P diffusion region 2 has a doping concentra- 
tion profile provided by a p dopant diffused from a side- 
wall surface of one trench 5a, and n diffusion region 3 
has a doping concentration profile provided by an n 
dopant diffused from a sidewalt surface of the other 
trench 5a. A heavily doped n + substrate region 1 is pro- 
vided at a second main surface side of p and n diffusion 
regions 2 and 3. A depth Ld of trench 5a from the first 
main surface is greater than a depth Nd of p and n diffu- 
sion regions 2, 3 from the first main surface by at least a 
diffusion length L of the p dopant in p diffusion region 2 
or the n dopant in n diffusion region 3 in manufacturing 
the semiconductor device. A high withstand voltage and 
low ON-resistance semiconductor device can thus be 
obtained. 
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Description 

Technical Held 

5 [0001] The present invention relates generally to semiconductor devices and methods of manufacturing the same 
and in particular to a power semiconductor device used in conjunction with various-types of power supply devices which 
has low switching loss with low ON resistance and a method of manufacturing the same. 

Background Art 

10 

[0002] In Japanese Patent Application No. 9-26997 filed to the Japanese Patent Office on February 10, 1997, the 
Applicant has proposed a high withstand voltage, vertical power MOSFET (Metal Oxide Semiconductor Field Effect 
Transistor) of the structure shown in Fig. 38. 

[0003] Referring to Fig. 38, a semiconductor substrate has a first main surface with a plurality of trenches 105a 
15 repeatedly provided. In a region between trenches 105a, p- and n-type diffusion regions 102 and 103 are provided, the 
former provided on a sidewall surface of one trench 105a and the latter provided on a sidewall surface of the other 
trench 105a. P- and n -diffusion regions 102 and 103 provide a p-n junction in the direction of the depth of trench 105a 
(in the figure, vertically). 

[0004] A p-type well (also referred to as a p-type base region) 1 07 is provided at p- and n-type diffusion regions 1 02 
20 and 103 closer to the first main surface. An n + source diffusion region 1 08 is provided in p-type well 107 on a sidewall 
surface of the other trench 105a. A gate electrode layer 110 along a sidewall surface of the other trench 105a is pro- 
vided opposite to p-type well 107 sandwiched between n + source diffusion region 108 and n-type diffusion region 1 03, 
with a gate insulation layer 109 posed therebetween. 

[0005] Trench 1 05a is filled with a filler layer 105 of lightly doped silicon (including monocrystalline-, polycrystalline- 
25 , amorphous- and microcrystailine-types of silicon) or an insulator such as silicon oxide film. If filler layer 105 is lightly 
doped silicon, a p* diffusion region 1 1 1 in contact with p-type well 107 is provided at filler layer 105 closer to the first 
main surface. 

[0006] An n + drain region 101 is provided at a second main surface side of a repetition of p- and n-type diffusion 
regions 102 and 103 and trench 105a (referred to as a "p-n repetition structure 1 * hereinafter). 
30 [0007] On the first main surface, a source electrode layer 1 12 is formed, electrically connected to p-type well 107, 
n + source diffusion region 108 and p + diffusion region 1 1 1. On the second main surface, a drain electrode layer 1 13 is 
formed, electrically connected to n + drain region 101 . 

[0008] In this structure, with the device in the ON state, an n-type channel is initially induced at a surface of p-type 
well 107 opposite to gate electrode layer 110. Then, an electron current flows from n + drain region 101 through n-type 

35 diffusion region 103, the n-type channel to n + source diffusion region 108 to achieve the ON state. 

[0009] In the OFF state, for a drain voltage as low as approximately 10 V, a space-charge region along a junction 
of an n-type region and a p-type region extends therefrom. It should be noted that the n-type region is formed of n* drain 
region 101 and n-type diffusion region 103 that are connected to a drain and that the p-type region is formed of p-type 
well 107 and p-type diffusion region 102 that are connected to a source. As a diain voltage is increased, n- and p-type 

40 diffusion regions 103 and 102 are fully depleted, since regions 102 and 1 03 both have a reduced thickness. 

[0010] If a higher drain voltage is applied, the space-charge region expands only towards p-type well 107 and n + 
drain region 101. 

[001 1] Because of the p-n repetition structure, the RESURE effect can be provided in n-type diffusion region 103 
to provide the present MOSFET with higher widthstand voltage and lower resistance characteristics than other power 
45 MOSFETs. Thus in this structure, it is important that n- and p-type diffusion regions 1 03 and 1 02 are provided continu- 
ously with a predetermined concentration in the direction of the depth of the trenches (in the figure, vertically). 
[001 2] Description will now be made of a method of fabricating the p-n repetition structure of the present semicon- 
ductor device. 

[0013] Figs. 39-43 are schematic cross sections illustrating the steps of the method of manufacturing the above 
so semiconductor device. Referring first to Fig. 39. on a heavily doped n-type substrate region 101 serving as an n + drain 
region is provided an n-epitaxial growth layer 106 less heavily doped than heavily doped n-type substrate region 101 . 
A conventional dopant diffusion technique is employed to provide a p-type region 107 serving as a p-type base region 
on a surface of n" epitaxial growth Layer 1 06. On p-type region 107, a thermal oxide film 102, a chemical vapor deposi- 
tion (CVD) silicon nitride film 13 and a CVD silicon oxide fflm 14 forming a 3-layered structure which serves as a mask 
55 used in anisotropically etching the underlying layers. 

[001 4] Referring to Fig. 40, the anisotropical etch forms a plurality of trenches 1 05a extending from a first main sur- 
face to reach heavily doped n-type substrate region 101. 

[0015] Referring to Fig. 41, oblique ion implantation is employed to implant boron (B) into one sidewall surface of 
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trench 105a to provide boron-implanted region 102a. 

[0016] Referring to Fig. 42, oblique ion implantation with an inclination opposite to that applied in the above boron 
implantation is employed to implant phosphorus (P) into the other sidewall surface of trench 105a to provide a phospho- 
rus-implanted region 103a 

5 [0017] Referring to Fig. 43. a CVD silicon oxide film 105 serving as an insulation film fills trench 105a and also cov- 
ers 3-layered structure 12, 13, 14. Thermal treatment is then applied to diffuse the p- and n-types of dopants introduced 
through ion implantation. Thus n- and p-type diffusion regions 102 and 103 are provided in a region between trenches 
105a to provide the p-n repetition structure. 

[0018] In the Fig. 38 semiconductor device, however, the depth of p- and n-type diffusion regions 102 and 103 from 
10 the first main surface is substantially equal to that of trench 105a from the first main surface. This disadvantageous^ 
provides a low OFF-state withstand voltage and a high ON-state resistance. This disadvantage will now be detailed 
below. 

[0019] In the above manufacturing method, ions are obliquely implanted, as shown in Figs. 41 and 42. In this 
oblique ion implantation, a certain percentage of the Ions are reflected at a sidewall of trench 105a, as shown in Fig. 44 
15 (as indicated by the dotted arrows). As such, reflected ions 120 are implanted into a sidewall opposite to a targeted 
sidewall, i.e., a bottom of trench 105a. 

[0020] In effect, trench 105a has its bottom rounded (with a definite curvature), as shown in Fig 45. As such, ions 
incident directly on the bottom (indicated by the solid arrow) and those reflected at a sidewall and thus incident on the 
bottom (indicated by the dotted arrow) are reflected at the bottom of trench 105a and thus intensively implanted into a 

20 sidewall which is opposite to a targeted sidewall and is also a bottom of trench 1 05a. 

[0021] As such, if p- and n-type diffusion regions 102 and 103 are substantially as deep as trench 105a, a portion 
with a significantly varied doping concentration (a portion with a locally varied concentration) is developed at a bottom 
internal to p-type diffusion region 1 02 and that internal to n-type diffusion region 1 03. Furthermore, a region with its con- 
ductivity inverted from the p- to n-type or vice versa can also be developed at bottoms internal to p- and n-type diffusion 

25 regions 102 and 103. As a result, p- and n-type diffusion regions 1 02 and 103 fail to have a uniform or continuous profile 
of doping concentration in a direction perpendicular to the first main surface. As such, when p- and n-type diffusion 
regions 102 and 103 are depleted in the OFF state an uneven electric field is created resulting in a reduced withstand 
voltage, and in the ON state an increased ON resistance is provided. 

30 Disclosure of the Invention 

[0022] The present invention has been made to overcome such disadvantages, and contemplates a semiconductor 
device with both high withstand voltage and low ON resistance achieved by preventing a doping concentration from var- 
ying in p- and n-type diffusion regions of a p-n repetition structure, and a method of manufacturing the same. 

35 [0023] The semiconductor device of the present invention is comprised of a semiconductor substrate, a first doped 
region of a first conductivity type, and a second doped region of a second conductivity type. The semiconductor sub- 
strate has a first main surface provided with a plurality of trenches, and a second main surface opposite to the first main 
surface. The first doped region is provided in a mesa region of the semiconductor substrate between adjacent one and 
other trenches of the plurality of trenches at a sidewall surface of one trench, has a doping concentration profile of a 

40 dopant of the first conductivity type diffused from a sidewall surface of one trench, and has a doping concentration lower 
than that of a region of the first conductivity type of the semiconductor substrate. The second doped region is provided 
in the mesa region at a sidewall surface of the other trench, has a doping concentration prof ile of a dopant of the second 
conductivity type diffused from a sidewall surface of the other trench, and together with the first doped region forms a 
p-n junction. One and the other trenches have a sidewall surface extending from the first main surface to a first depth 

45 position while maintaining a predetermined inclination with respect to the first main surface to form a first extending por- 
tion thereof. The first and second doped regions are formed shallower than the first depth position, as measured from 
the first main surface, by at least a length of the diffusion of the dopants of the first and second conductivity types in 
manufacturing the device. 

[0024] In the semiconductor device of the present invention, the first and second doped regions has a depth from 
so the first main surface less than a depth of the bottom of the first extending portion of the trench by at least the diffusion 
length. Thus, a portion with an uneven doping concentration that is developed by ion implantation at the bottom of the 
first extending portion of the trench does not distribute in the first or second doped region and is located in the semicon- 
ductor substrate at the region of the first conductivity type. Since the region of the first conductivity type of the semicon- 
ductor substrate has a doping concentration higher than that of the first doped region, the variation in the doping 
55 concentration that is caused by ion implantation in the region of the first conductivity type can be reduced to a level 
which does not affect the device characteristics. Furthermore, the first and second doped regions are provided with a 
uniform concentration that is continuous in a direction perpendicular to thefirst main surfaca As such, even when in the 
OFF state a depletion layer extends over the entirety of the first and second doped regions, a uniform electric field can 
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be built and an improved withstand voltage can be provided. Furthermore, a reduced ON-state resistance can also be 
provided. 

[0025] The above semiconductor device is preferably also comprised of a third doped region of the second conduc- 
tivity type, a fourth doped region of the first conductivity type, and a gate electrode layer. The third doped region is pro- 
vided at the first main surface side of the first and second doped regions and electrically connected to the second doped 
region. The fourth doped region, opposite to the first doped region, with the third doped region interposed therebe- 
tween, is provided at least one of the first main surface or a sidewall surface of one trench. The gate electrode layer is 
opposite to the third doped region sandwiched between the first and fourth doped regions, with the gate insulation layer 
interposed therebetween. 

[0026] Thus there can be obtained a high withstand voltage and low ON resistance MOSFET. 
[0027] In the above semiconductor device preferably one and the other trenches also have a second extending por- 
tion tapering toward said second main surface, the second extending portion further extending from the first depth posi- 
tion towards the second main surface down to a second depth position and also having a sidewall surface having an 
inclination different from that of the first extending portion. 

[0028] As such, if the second extending portion tapers, the first and second doped regions can be prevented from 
having a portion with an uneven doping concentration. 

[0029] In the above semiconductor device preferably the gate electrode layer is provided in the trench. 
[0030] Thus there can be provided a high withstand voltage and low ON resistance trench MOSFET. 
[0031] In the above semiconductor device preferably the gate electrode layer is provided on the first main surface. 
[0032] Thus there can be provided a high withstand voltage and low ON resistance planar MOSFET. 
[0033] The above semiconductor device is preferably also provided with a third doped region of the second conduc- 
tivity type provided at the first main surface side of the first and second doped regions and electrically connected to the 
second doped region. 

[0034] Thus there can be provided a high withstand voltage and low ON resistance diode. 

[0035] The above semiconductor device is preferably also comprised of an electrode layer in Schottky contact with 

the first doped region. 

[0036] Thus there can be obtained a high withstand voltage and low ON resistance Schottky diode. 
[0037] In the above semiconductor device preferably the length of the diffusion of the dopants of the first and sec- 
ond conductivity types in manufacturing the same is greater than the distance from a sidewall surface of one or the 
other trench to a p-n junction of the first and second doped regions. 

[0038] As such, a portion with an uneven doping concentration that is developed in a vicinity of a bottom of the first 
extending portion of a french does not diffuse to the first or second doped region when thermal treatment is applied in 
manufacturing the device. 

[0039] A method of manufacturing the semiconductor device in accordance with the present invention is comprised 
of the following steps: 

[0040] Initially, a semiconductor substrate is formed which has first and second main surfaces opposite to each 
other, has a heavily doped region of a first conductivity type at the second main surface and also has a lightly doped 
region of the first conductivity type at the first main surface side. The semiconductor substrate is provided with a plurality 
of trenches having a first extending portion having a sidewall surface with a predetermined inclination relative to a first 
main surface while extending from the first main surface through the heavily doped region down to a first depth position 
therein. Then, a dopant of the first conductivity type is implanted obliquely into a mesa region of the semiconductor sub- 
strate between adjacent one and other trenches of the plurality of trenches at a sidewall surface of one trench to provide 
at the sidewall surface of one trench a first doped region of the first conductivity type having a doping concentration 
lower than that of the heavily doped region. Then a dopant of a second conductivity type is implanted obliquely into the 
mesa region at a sidewall surface of the other trench to provide at the sidewall surface of the other trench a second 
doped region of the second conductivity type providing a p-n junction of the first and second doped regions. The first 
depth position is closer to the second main surface than a junction of the heavily and lightly doped regions is by at least 
the length of the diffusion of the dopants of the first and second conductivity types in manufacturing the semiconductor 
device. The dopants of the first and second conductivity types are both implanted at an angle to introduce the dopants 
of the first and second conductivity types directly to a depth closer to the second main surface than the junction of the 
heavily and lightly doped regions by at least the length of the diffusion of the dopants of the first and second conductivity 
types in manufacturing the semiconductor device. 

[0041 ] Since in the method of manufacturing the semiconductor device of the present invention the first and second 
doped regions are shallower than a bottom of the first extending portion of a trench by at least a diffusion length, a por- 
tion with an uneven doping concentration that is developed at the bottom of the first extending portion of the trench 
through ion implantation does not distribute into the first or second doped region and is located in the semiconductor 
substrate at a region of the first conductivity type. Since the region of the first conductivity type of the semiconductor 
substrate has a doping concentration higher than that of the first doped region, the variation in the doping concentration 
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that is caused by ion implantation in the region of the first conductivity type can be reduced to a level which does not 
affect the device characteristics. Furthermore, the first and second doped regions are provided with a uniform concen- 
tration that is continuous in a direction perpendicular to the first main surface. As such, even if in the OFF state a deple- 
tion layer extends to the first and second doped regions, a uniform electric field can be built and an enhanced withstand 

5 voltage can be provided. Furthermore, a reduced, ON-state resistance can also be provided. 

[0042] In the method of manufacturing the semiconductor device preferably the plurality of trenches also have a 
second extending portion tapering toward said second main surface, the second extending portion further extending 
from the first depth position towards the second man surface down to a second depth position and having a stdewal! 
surface with an inclination different from that of the first extending portion. As such, if the second extending portion. e.g., 

w tapers the first and second doped regions can be prevented from having a portion with an uneven doping concentration. 
[0043] The method of manufacturing the semiconductor device is preferably comprised of the steps of: forming at 
the first main surface side of the first and second doped regions a third doped region of the second conductivity type 
electrically connected to the second doped region; forming at at least one of the main surface or a sidewall surface of 
one trench a fourth doped region of the first conductivity type opposite to the first doped region with the third doped 

is region interposed therebetween; and forming a gate electrode layer opposite to the third doped region sandwiched 
between the first and fourth doped regions, with a gate insulating layer interposed therebetween. 
[0044] Thus there can be fabricated a high withstand voltage and low ON-resistance MOSFET. 
[0045] In the method of manufacturing the semiconductor device preferably the gate electrode layer is provided in 
the trench. 

so [0046] Thus there can be manufactured a high withstand voltage and low ON-resistance trench MOSFET. 

[0047] In the method of manufacturing the semiconductor device preferably the gate electrode layer is provided on 
the first main surface. 

[0048] Thus there can be fabricated a high withstand voltage and low ON-resistance planar MOSFET. 
[0049] The method of manufacturing the semiconductor device is preferably also comprised of the step of forming 
25 at the first main surface side of the first and second doped regions a third doped region of the second conductivity type 
electrically connected to the second doped region. 

[0050] Thus there can be fabricated a high withstand voltage and low ON-resistance dioda 

[0051] The method of manufacturing the semiconductor device is preferably also comprised of the step of forming 

an electrode layer in Schottky contact with the first doped region. 

30 [0052] Thus there can be fabricated a high withstand voltage and low ON-resistance Schottky diode. 

[0053] In the method of manufacturing the semiconductor device preferably the length of the diffusion of the 
dopants of the first and second conductivity types in manufacturing the same is greater than the distance from a side- 
wall surface of one or the other trench to a p-n junction of the first and second doped regions. 
[0054] As such, a portion with an uneven doping concentration that is developed in a vicinity of a bottom of the first 

35 extending portion of a trench does not diffuse to the first or second doped region when thermal treatment is applied in 
manufacturing the semiconductor device. 

Brief Description of the Drawings 

40 [0055] 

Fig. 1 is a cross section schematically showing a configuration of a semiconductor device of a first embodiment of 
the present invention. 

Fig. 2 illustrates a step of a method of manufacturing a semiconductor device according to the first embodiment of 
45 the present invention. 

Fig. 3 is a cross section schematically showing a structure of a semiconductor device of a second embodiment of 
the present invention. 

Fig. 4 illustrates a step of a method of manufacturing a semiconductor device according to the second embodiment 
of the present invention. 

so Fig. 5 illustrates a step of a method of manufacturing a semiconductor device according to a third embodiment of 
the present invention. 

Fig. 6 is a cross section schematically showing a structure of a semiconductor device of a seventh embodiment of 
the present invention. 

Fig. 7 represents a net doping concentration along line YT of Fig. 6. 
55 Fig. 8 represents a doping concentration of a p-type diffusion region and that of an n-type diffusion region. 

Figs. 9-22 are schematic cross sections illustrating the steps of a method of manufacturing a semiconductor device 
according to the seventh embodiment of the present invention. 
Fig. 23 illustrates a step when a trench has a tapered bottom. 
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Fig. 24 is a schematic cross section of a structure of a semiconductor device of the seventh embodiment of the 

present invention with a trench having a tapered bottom. 

Figs. 25 and 26 show a location on a trench's sidewall at which a dopant is implanted. 

Fig. 27 is a perspective view schematically showing a configuration of a semiconductor device according to an 

eighth embodiment of the present invention. 

Fig. 28 illustrates a step showing a method of manufacturing a semiconductor device according to the eighth 
embodiment of the present invention. 

Fig. 29 is a schematic perspective view showing a structure of the semiconductor device according to the eighth 
embodiment of the present invention with a trench having a tapered bottom. 

Fig. 30 is a cross section schematically showing a structure of a semiconductor device according to a ninth embod- 
iment of the present invention. 

Fig. 31 is a schematic cross section showing a structure of the semiconductor device according to the ninth embod- 
iment of the present invention with a trench having a tapered bottom. 

Fig. 32 is a cross section schematically showing a structure of a semiconductor device of a tenth embodiment of 
the present invention. 

Figs. 33-36 are schematic cross section illustrating the steps of a method of manufacturing a semiconductor device 
according to the tenth embodiment of the present invention. 

Fig. 37 is a schematic cross section showing a structure of the semiconductor device according to the tenth embod- 
iment of the present invention with a trench having a tapered bottom. 

Fig. 38 is a schematic cross section showing a structure of a MOSFET proposed by the Applicant. 
Figs. 39-43 are schematic cross section illustrating the steps of a method of manufacturing the Fig. 38 MOSFET. 
Fig. 44 is a schematic cross section illustrating that a dopant is implanted into a trench's sidewall opposite to a tar- 
geted sidewall to be doped with the dopant. 
Fig. 45 is an enlarged view of a region S of Fig. 44. 

Best Modes for Carrying Out the Invention 



[0056] The embodiments of the present invention will now be described with reference to the drawings. 
First Embodiment 



[0057] Referring to Fig. 1, a semiconductor substrate has a first main surface provided with a plurality of trenches 
5a. In a region between trenches 5a are p and n diffusion regions 2 and 3. P diffusion region 2 is provided at a sidewall 
surface of one trench 5a and n diffusion region 3 at a sidewall surface of the other trench 5a P diffusion region 2 has a 
doping concentration profile resulting from a p dopant diffused from the sidewall surface of one trench 5a, and n diffu- 
sion region 3 has a doping concentration profile resulting from an n dopant diffused from the sidewall surface of the 
other trench 5a P and n diffusion regions 2 and 3 form a p-n junction in the direction of the depth of trench 5a. 
[0058] A heavily doped n substrate region 1 is formed adjacent to the repetition formed by p and n diffusion regions 
2 and 3 and trench 5a (a p-n repetition structure) and closer to the second main surface than the p-n repetition structure. 
[0059] A depth Td of trench 5a from the first main surface is greater than a depth Nd of p and n diffusion regions 2 
and 3 from the first main surface by at least a diffusion length L. Diffusion length L represents the total length of the dif- 
fusion of the p dopant in p diffusion region 2 or the n dopant in n diffusion region 3 through all thermal treatments 
applied in manufacturing the semiconductor device. 

[0060] In the present application, diffusion length L represents "a depth (or a Length) at which a doping concentra- 
tion is one tenth of a surface concentration when a dopant introduced into a surface is diffused due to thermal treat- 
ment." Thus, with a dopant diffusion coefficient D, 

diffusion length L » (Ioge10) 1/2 x 2 x (D x s) 1/2 

wherein s represents a diffusion time in seconds. 

[0061 ] A description will now be made with respect to a specific value of diffusion length L when boron and phos- 
phorus are used for forming p and n diffusion regions 2 and 3. respectively. 

[0062] For a device with a spacing of 2 urn between trenches 5a. phosphorus and boron are each implanted into a 
sidewall of trench 5a and four thermal treatments are then mainly required, as described in Table 1. 
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Table 1 





Thermal Treatment Tem- 
perature 


Thermal Treatment Time 


1 . Diffusion of ions implanted into stdewall 


1100°C 


Ihour 


2. Filling of trench 


850°C 


1 hour 


3. Formation of gate oxide film 


850°C 


30 minutes 


4. Formation of interlayer film 


850*C 


SO minutes 



[0063] Boron and phosphorus have their respective diffusion coefficients Ds, as provided in Table 2. 



Table 2 





850°C 


1100°C 


Boron 


1e-15cm 2 /sec 


S.Se-IScnAsec 


Phosphorus 


1e-15cm 2 /sec 


S.Se-IScnr^/sec 



[0064] When the values provided in Tables 1 and 2 are used to calculate the boron's diffusion length L (boron), 

L (boron) = (logelO) 172 x 2 x (3.5e-13 x 3600) 1 *+ (1e-15 x 10800) 1/2 ) 
= (logelO) lA x 2 x (3.5e-5 + 0.32e- 5) (cm) 
= 1.2 Jim 

[0065] Since boron and phosphorus have substantially the same diffusion coefficient as provided in Table 2, diffu- 
sion length Lis 1.2 iim for both of boron and phosphorus. 

[0066] As such, in Fig. 1 , depth Td of trench 5a must be greater than depth Nd of p and n diffusion regions 2 and 3 
by at least 1.2 urn. 

[0067] As is apparent from the Table of diffusion coefficients, diffusion length L is in effect often determined depend- 
ing on thermal treatment of as high a temperature as no less than 950°C. 

[0068] In contrast, for a thermal treatment flow of a high temperature, (e.g., no less than 1000°C), increasing and 
decreasing the temperature of the device can result in a thermal treatment which is too significant to ignore. For exam- 
ple, an excessive thermal treatment of approximately 30 (= 150°C/5°C/min.) minutes is applied if a temperature of 
950°C is increased to a temperature ol 1100'C or 1100°C is decreased to 950°C at a rate of 5°C/min. If it is approxi- 
mated to the intermediate temperature (1 025*C), such thermal treatment results in a longer diffusion length L as repre- 
sented below: 

diffusion length * (logelO) 1/2 x 2 x (5e-14 x 1800) 1/2 = 0.3 Jim. 

[0069] As such, depth Td of trench 5a needs a depth which is estimated deeper by 0.3 jim. 
[0070] Exemplary diffusion lengths L when trenches 5a have spacings of 3 \im and 5 \im therebetween are pro- 
vided as below. 

[0071] With trenches 5a having a spacing of 3 urn therebetween, the aforementioned diffusion of ions implanted 
into a sidewall is provided at approximately 1100°C for approximately two hours. Since the conditions for the subse- 
quent thermal treatments are not changed, 

diffusion length L « (loge 10) 1/2 x 2 x ((3.5e-13 x 7200) 1/2 + (1e-15 x 10800) 1/2 ) = 1.6 Jim. 

[0072] With trenches 5a having as large a spacing as 5 jim therebetween, a significant thermal treatment is applied 
to diffuse ions at a sidewall. Thus, base diffusion must be provided after sidewall diffusion. As such, the diffusion of ions 
implanted into a sidewall is provided at 1000°C for 5 hours and base diffusion is provided at 1 100°C for one hour, and 
the conditions for the subsequent thermal treatments are not changed. Therefore 
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diffusion length L » (logetO) ™ x 2 x ((3.5e-13 x 21600) 1/2 + (1e-15 x 10800) 1/z ) = 2.8 Jim. 

[0073] Description will now be made of a method of manufacturing a semiconductor device in the present embodi- 
ment. 

s [0074] Referring to Fig. 2, on heavily doped n substrate region 1 an n" doped layer 6. lightly doped with an n' dopant 
at a sufficiently low doping concentration, is, e.g., epitaxially grown. Then a predetermined pattern is formed on the first 
main surface and used as a mask to anisotropically etch the underlying layers to form a plurality of trenches 5a. Depth 
Td of trench 5a from the first main surface is greater than depth Nd of n* doped layer 6 from the first main surface by at 
least diffusion length L 

w [0075] Then, boron and phosphorus are each implanted into a sidewall of trench 5a to form p and n diffusion 
regions 2 and 3, as shown in Fig. 1, to complete a p-n repetition structure. 
[0076] Depth Nd of n" doped layer 6 is defined as below. 

[0077] In the present application, depth Nd of n* doped layer 6 is the depth of n* doped layer 6 immediately before 
the implantation of the dopants for p and n diffusion regions 2 and 3 of the p-n repetition structure. In other words, n" 

75 doped layer 6 is formed, e.g.. through epitaxial growth, as has been described above, and when the epitaxial growth 
thereof is completed the resultant epitaxial layer has approximately the same thickness as n doped layer 6. 
[0078] The implantation of the dopants for forming p and n diffusion regions 2 and 3 to provide the p-n repetition 
structure can, however, be preceded by a thermal treatment. For example, although it is not shown in Fig. 2, a known 
dopant diffusion technique may be employed to form a p diffusion region serving as a p base region at n" doped layer 

20 6 closer the first main surface, as has been described with reference to Fig. 39. This requires a thermal treatment for 
base diffusion. The thermal treatment diffuses the n dopant of a high concentration from heavily doped n substrate 
region 1 into the epitaxial layer and thus reduces the thickness of n* doped layer 6. 

[0079] Since the thickness of n* doped layer 6 varies depending on whether a thermal treatment is applied before 
the ion Implantation for forming p and n diffusion regions 2 and 3, the present application defines depth Nd of n" doped 

25 layer 6 as the depth of n* doped layer 6 immediately before the aforementioned dopant implantation. 

[0080] In the present embodiment, p and n diffusion regions 2 and 3 are shallower than a bottom surface of trench 
5a by at least diffusion length L As such, a portion with an uneven doping concentration that is developed in a vicinity 
of the trench 5a bottom surface is not located internal to p or n diffusion region 2 or 3 and is located interna) to heavily 
doped n substrate region 1 , nor is the portion with the uneven doping concentration diffused by a thermal treatment in 

30 the fabrication process into or distributed in p or n diffusion region 2 or 3. Since heavily doped n substrate region 1 has 
a doping concentration sufficiently higher than n diffusion region 3. the uneven doping concentration in heavily doped n 
substrate region 1 can be so reduced that it does not affect the device characteristics. Furthermore, p and n diffusion 
regions 2 and 3 may have a predetermined concentration which is continuous in a direction perpendicular to the first 
main surface. As such, even if in the OFF state a depletion layer extends across the entirety of p and n diffusion regions 

35 2 and 3, a uniform electric field can be built and an enhanced withstand voltage can be achieved. Furthermore, a 
reduced, ON-state resistance can also be provided. 

Second Embodiment 

40 [0081] The present embodiment provides a structure including a trench having a sidewall of an inclination relative 
to the first main surface that may vary with its depth. 

[0082] Referring to Fig. 3, trench 5b has a first extending portion having a sidewall extending substantially perpen- 
dicular, e.g., to the first main surface, and a second extending portion extending from the first extending portion and 
having a sidewall tapering toward the second main surface. A depth Td 1 of the first extending portion is greater than 

45 depth Nd of p and n diffusion regions 2 and 3 of the repetition structure by at least diffusion length L. 

[0083] Except the above structure, the present embodiment has substantially the same structure as shown in Fig. 
1 . Thus, identical members are denoted by same reference characters and a description thereof will not be repeated. 
[0084] In the manufacturing method of the present embodiment, as shown in Fig. 4, trench 5b is provided with 
depth Td 1 of the first extending portion greater than depth Nd of n* doped layer 6 by at least diffusion length L 

so [0085] Except the above, the manufacturing process is substantially the same as m the first embodiment and a 
description thereof will not be repeated. 

[0086] In the second extending portion (the tapered portion) with a varied inclination the ions implanted are 
reflected from a sidewall at an angle different than in the first extending portion. Thus in the second extending portion 
not only a bottom surface thereof but also the entire side wall surface thereof can disadvantageous^ reflect a dopant. 
55 which can then disadvantageous^ be introduced into the opposite sidewall surface. In other words, the second extend- 
ing portion can disadvantageous^ have a doping concentration that locally varies along the entirety of its sidewall sur- 
face. 

[0087] Accordingly, depth Td, of the first extending portion of trench 5b is adapted to be greater than depth Nd of 
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p and n diffusion regions 2 and 3 of the p-n repetition structure by at least diffusion length L As such, if the second 
extending portion has a doping concentration locally varying along the entirety of its sidewall surface, p and n diffusion 
regions 2 and 3 can be free of such local variation in doping concentration. Thus, as in the first embodiment, p and n 
diffusion regions 2 and 3 can be provided with a uniform concentration that is continuous in a direction perpendicular to 
5 the first main surface. As such, if in the OFF state a depletion layer extends across the entirety of p and n diffusion 
regions 2 and 3, a uniform electric field can be built and an enhanced withstand voltage can be provided. Furthermore, 
a reduced, ON-state resistance can a]so be provided. 

Third Embodiment 

10 

[0088] The present embodiment will be described with respect to a dopant implantation angle for forming p and n 
diffusion regions 2 and 3 with a uniform concentration which is continuous in a direction perpendicular to the first main 
surface. 

[0089J Referring to Fig. 5, p or n dopant ions must be implanted at an angle which allows the ions to be introduced 
is directly to a location deeper than thickness Nd of n" doped layer 6 by at least diffusion length L 

[0090] As such, a portion with a concentration locally varied is developed in a vicinity of a location deeper than n* 
doped layer 6 by at least diffusion length L As such, when p and n diffusion regions 2 and 3 of the p-n repetition struc- 
ture is subsequently formed, the portion with a concentration locally varied is not located internal to p or n diffusion 
region 2 or 3. By defining a dopant ton implantation angle relative to thickness (or depth) Nd of n* doped layer 6 rather 
20 than the depth of trench 5a, p and n diffusion regions 2 and 3 can be provided with a uniform concentration which is 
continuous in the direction of the depth. 

Fourth Embocfiment 

25 [0091 ] The present embodiment will be described with respect to specific values of various portions for the device 
with a withstand voltage of 300V. 

[0092] Referring to Fig. 2. for a device with a desired withstand voltage of 300V, n* doped layer 6 is only required to 
have a doping concentration of approximately 1e13cm' 3 and a thickness Nd of approximately 17 jim. As has been 
described in the first embodiment, n* doped layer 6 is not the exact, lightiy doped layer epitaxially grown but a layer hav- 

30 ing a lower doping concentration than heavily doped n substrate region 1 immediately before the implantation of the 
dopants for forming p and n diffusion regions 2 and 3 forming the p-n repetition structure. Thus, thickness Nd of n'doped 
layer 6 varies depending on whether base diffusion or the like is provided before the dopant implantation. 
[0093] A pitch P applied to repeat p and n diffusion regions 2 and 3 in the lateral direction is desirably at most 3 to 
5 jim to prevent an uneven electric field in the lateral direction. In order to provide a sufficiently reduced ON resistance, 

35 it is better to provide a larger ratio of n diffusion region 3 and a width W of trench 5a is desirably at most 1 to 1 .5 jim. 
Thus, p and n diffusion regions 2 and 3 each have a width of approximately 1 to 2 jim. 

[0094] a more specific description will now be made for a trench 5a width W of 1 jim, a lateral repeating pitch P of 
3 urn. and a 2 \im distance between trenches 5a. 

[0095] Diffusion length L of p and n diffusion regions 2 and 3 must be diffused from a sidewan surface of trench 5a 
40 to a center of the region between trenches 5a and L is thus required to be larger than 0.5 x 2 jim. Furthermore, L is also 
required to be smaller than approximately 0.7 x 2 jim, since the p-n repetition structure cannot be provided if diffusion 
length L is completely diffused between trenches 5a. That is, a thermal treatment must be applied to provide L which is 
approximately larger than 1 urn and smaller than 1 .4 jim. ft is needless to say that in forming a base after the formation 
of p and n diffusion regions 2 and 3, a thermal treatment including that for base diffusion must be applied to provide L 
45 approximately larger than 1 jim and smaller than 1 .4 |im. 

[0096] With trench 5a having a sidewall extending substantially perpendicular to the first main surface, as shown in 
Fig. 2, french 5a requires a depth Td of 1 7 jim + L = 18 to 18.4 urn or more. 

[0097] With trench 5a having a sidewall with an inclination varying with its depth, as shown in Rg. 4, depth Td 1 cor- 
responding to a location at which the inclination varies (i.e., the bottom of the first extending portion) must be greater 
so than 18 to 18.4 \xm. 

[0098] In the oblique dopant implantation for forming p and n diffusion regions 2 and 3, ions must be introduced 
directly into a location deeper than n* doped layer 6 by at least diffusion length L, as shown in Fig. 5. Thus, when L = 1 
lim, ions must be implanted at an acute angle e of no less than tan 1 (1/(1 7+1 )) = 3.2° relative to the direction perpen- 
dicular to the first main surface. 

55 

Fifth Embodiment 

[0099] Similar to the fourth embodiment, for a device with a withstand voltage of 50V, n" doped layer 6 is only 



n 
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required to have a doping concentration of approximately 1e13cm' 3 and a thickness Nd of approximately 4 \im Desir- 
ably, width W of trench 5a is at most 0.5 |im and pitch P applied to repeat p and n diffusion regions 2 and 3 in the lateral 
direction is approximately 1 .5 \im Thus, diffusion length L of p and n diffusion regions 2 and 3 is approximately 0.5 to 
0.7 urn. Thus, with a trench formed substantially perpendicular to the first main surface, as shown in Fig. 1 , trench 5a 
5 requires a depth Ld (Ld, in Fig. 2) of 4.5 to 4.7 urn or more. 

Sixth Embodiment 

[0100] Similar to the fourth embodiment, for a device with a withstand voltage of 1000V, n" doped layer 6 is only 
10 required to have a doping concentration of approximately 1e13cm' 3 and a thickness Nd of approximately 50 urn. To 
avoid an uneven lateral electric field, as a small lateral repeating pitch P as possible is desired, desirably a structure 
with approximately no more than 10 |im for the withstand voltage of 1000V. Thus, diffusion length is approximately 3 to 
5 |im. With a trench formed substantially perpendicular to the first main surface, as shown In Fig. 1, trench 5a requires 
a depth Ld (Ldl in Fig. 2) of 53 to 55 \im or more. 

15 

Seventh Embodiment 

[01 01 ] The present embodiment win be described with respect to a trench MOSFET. 

[0102] Referring to Fig. 6, a semiconductor substrate has a first main surface provided with a plurality of repeated 
so trenches 5a. In a region between trenches 5a are provided p and n diffusion regions 2 and 3. P diffusion region 2 is 
provided at a sidewall surface of one trench 5a and n diffusion region 3 at a 6idewall surface of the other trench 5a. P 
and n diffusion regions 2 and 3 form a p-n junction in the direction of the depth of trench 5a. 
[0103] A p well (also referred to as a p base region) is provided at the first main surface side of n and p diffusion 
regions 2 and 3. A source n + diffusion region 8 is provided internal to p well 7 at a sidewall surface of the other trench 
25 5a. A gate electrode 10 along a sidewall surface of the other trench 5a is provided opposite to p well 7 sandwiched 
between source n + diffusion region 8 and n diffusion region 3, with gate insulation layer 9 interposed therebetween. 
[0104] Trench 5a is filled with a filler layer 5 of silicon of a low doping concentration (including monocrystalline-. 
polycrystalline-. amorphous- and microcrystafline-types of silicon) or an insulator such as silicon oxide film. 
[01 05] A drain n + region 1 having a much higher concentration than n diffusion region 3 is provided adjacent to the 
30 p-n repetition structure and closer to the second main surface than the p-n repetition structure. 

[01 06] P diffusion region has a doping concentration profile resulting from a p dopant diffused from a sidewall sur- 
face of one trench 5a, and n diffusion region 3 has a doping concentration profile resulting from an n dopant diffused 
from a sidewall surface of the other trench 5a. 

[0107] Thus, a net doping concentration at the cross section along Line Y-Y of Fig. 6 is as shown in Fig. 7. In the 
35 figure, since a dopant is introduced from trench 5a the concentration of the dopant is high at a sidewall surface of trench 
5a and is reduced as the dopant enter further into the silicon. As it is thermally diffused, the dopant distributes substan- 
tially according to the Gaussian distribution, as shown in Fig. 8. A doping concentration profile is determined by defining 
surface doping concentrations Csn and an Csp and diffusion lengths CHRn and CHRp as parameters. As such, a p-n 
junction formed by p and n diffusion regions 2 and 3 is provided at a location allowing the dopants from the both to dif- 
40 fuse at the same concentration. 

[01 08] Referring to Fig. 6, depth Ld of trench 5a from the first main surface is greater than depth Nd of the p-n rep- 
etition structure from the first main surface by at least diffusion length L of the p dopant in p diffusion region 2 or the n 
dopant in n diffusion region 3 in manufacturing the semiconductor device. 
[01 09] A manufacturing method in the present embodiment wilt now be described. 
45 [0110] Referring to Fig. 9, on heavily doped n substrate region 1 serving as a drain n + region is n" doped layer 6 
formed e.g., through epitaxial growth and having a doping concentration sufficiently lower than a that in a dopant diffu- 
sion step described hereinafter. Alternatively, n" doped layer 6 may be provided by directly sticking a substrate of an 
approximately equal doping concentration and polishing it to a desired thickness. 

[0111] Referring to Fig. 10, a known dopant diffusion technique is employed to provide on a surface of n* doped 
so layer 6 a p region 7 serving as a p base region of a MOSFET. On p region 7 are provided a thermal oxide film 1 2, a CVD 
silicon nitride film 13 and a CVD silicon oxide film 14 that are stacked to provide a 3-layered structure having a desired 
form. The layered structure formed by stacked layers 12, 13, 14 is used as a mask to anisotropically etch the underlying 
layers. 

[01 12] Referring to Fig. 1 1 . the anisotropic^ etch provides a trench 5a penetrating p region 7 and n" doped layer 6 
55 and reaching heavily doped n substrate region 1 . It should be noted that the depth of trench 5a from the first main sur- 
face is greater than the depth of n" doped layer 6 from the first main surface by at least diffusion length L of a p- or n- 
dopant subsequently implanted into a sidewall of trench 5a in manufacturing the device. 

[0113] Since the anisotropic^ silicon etching step requires an anti-etching film for a mesa, an anti-silicon-etching 



EP 1026 749 A1 



film such as CVD silicon oxide film 14 is previously formed and a photolithography step and an etching step are then 
typically applied to provide a pattern. As has been described above, since the width, aspect ratio and the like of french 
5a must be provided with high precision, dry etch is employed using a fluoride gas, such as NF 3 , SF 6 , SF 4 . 
[01 14] During the dry etch, a thin film, normally referred to as a deposition film, having a composition dose to that 
5 of silicon oxide film, is formed at a sidewall of trench 5a Accordingly, immediately after the anisotropics silicon etch the 
deposition film is removed by a chemical of hydrofluoric-acid (HF)-type. 

[0115] Referring to Fig. 12, oblique ion implantation is employed to implant boron (B) into one sidewall surface of 
trench 5a to provide a boron doped region 2a. 

[01 1 6] Referring to Fig. 13, oblique ion implantation opposite in inclination to the boron implantation is employed to 
10 implant phosphorus (P) into the other sidewall surface of trench 5a to provide a phosphorus doped region 3a. 

[01 1 7] Referring to Fig. 1 4, regions 2a and 3a are simultaneously subjected to a thermal treatment to allow the pro- 
file of the p and n dopants introduced through ion implantation to approach to a required, targeted diffusion profile. 
[01 18] In this thermal treatment, trench 5a is filled with an insulator or CVD silicon oxide film 5 promptly after the 
ion implantation in order to prevent the atoms with ions Implanted from diffusing from a sidewall surface of trench 5a 
75 outwards into the atmosphere. Riling trench 5a as promptly as possible also prevents dust in the atmosphere during 
the manufacturing process from entering trench 5a. 

[0119] If trench 5a is filled with silicon as a semi-insulation film, a thermal treatment is initially applied, with the 
aforementioned CVD silicon oxide film replaced with a thin, thermal oxide film. Then, dry etch or the like is employed to 
remove at least the oxide f flm on the bottom surface of trench 5a and chemical vapor deposition or the like is then 
20 applied to fill trench 5a with silicon of the aforementioned various types. 

[0120] Referring to Fig. 15, a thermal treatment is provided to diffuse the p and n dopants introduced through ion 
implantation, to form p and n diffusion regions 2 and a in a region between trenches 5a. Insulation f Pm 5 is subjected to 
a film retreating step through entire-surface etching, i.e., etched back. 

[0121] Referring to Fig. 16. p base region 7 thus has a side surface exposed at a sidewall surface of trench 5a. It 
25 should be noted that in removing insulation film 5. the uppermost layer of the 3-layered structure, i.e., CVD silicon oxide 
film 14 is removed. 

[01 22] Insulation film 5 may be etched back through either dry etching or wet etching, although in genera) it is desir- 
ably etched back through dry etching to process it with high precision. 

[01 23] Referring to Rg. 1 7, thermal oxidation or the like is then employed to form a gate insulation layer 9 of silicon 
30 oxide film on the silicon exposed at a sidewall surface of trench 5a. 

[0124] Referring to Rg. 18, to fill an upper portion of trench 5a and also cover CVD silicon nitride film 13, a poly- 
crystalline silicon film doped with a dopant (a doped polysilicon film) 10 is formed through chemical vapor deposition. 
Doped silicon film 10 is etched back. 

[0125] Referring to Fig. 19, a gate electrode layer 10 is thus formed at a side surface of p base region 7 with gate 
35 insulation layer 9 interposed therebetween. Then CVD silicon nitride film 1 3 and thermal oxide film 12 are removed suc- 
cessively. 

[0126] Referring to Fig. 20. p base region 7 thus has an upper surface exposed. 

[0127] Referring to Fig. 21, thermal oxidation is employed to form a cap oxide film 15 on exposed p base region 7 
and filled trench 5a. Typical photolithography is employed to form a resist pattern 21a of a desired pattern on cap oxide 
40 film 15. With resist pattern 21a used as a mask, ion implantation is provided to form source n+ diffusion region 8 in p 
base region 7. After resist pattern 21a is removed, typical photolithography and etching technique are employed to 
selectively remove cap oxide film 1 5 only on p base region 7. 

[0128] Referring to Fig. 22, a source electrode layer 16 is formed in contact with an exposed surface of p base 
region 7. 

45 [01 29] Thus a trench MOSFET completes. 

[01 30] While in the above method, trench 5a has a sidewall extending substantially perpendicular to the first main 
surface of the semiconductor substrate, as shown in Rg. 1 1 , a french may be similar to french 5b shown in Rg. 23. hav- 
ing a sidewall with a varied inclination, although the depth at which the sidewall of trench 5b has the varied inclination 
(i.e., the depth of the first extending portion) must be greater than the depth of n* doped layer 6 by at least diffusion 

so length L, at has been described in the second embodiment 

[01 31 ] Thus the completed trench MOSFET has the structure as shown in Rg. 24. 

[0132] The Fig. 24 structure is substantially the same as the Fig. 6 structure, except that trench 5b has a sidewall 
with an inclination varying with its depth and that the depth at which the inclination varies is greater than the depth of p 
and n diffusion regions 2 and 3 by at least diffusion length L. As such, identical members are denoted by the same ref- 
55 erence characters and a description thereof will not be repeated. 

[0133] In Rgs. 12 and 13, boron and phosphorus must be implanted at such an angle as described in the third 
embodiment. More specifically, as shown in Figs. 25 and 26, the dopants must be implanted at an angle which allows 
the dopants to be introduced directly into sidewall surfaces deeper than the depth of n" doped layer 6 from the first main 
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surface by at least diffusion length L 

[0134] In the present embodiment, p and n diffusion regions 2 and 3 can have a uniform concentration that is con- 
tinuous in a direction perpendicular to the first main surface, and a high withstand voltage and low ON-resistance trench 
MOSFET can thus be obtained. 

5 

Eighth Embodiment 

[01 35] The present embodiment will be described with respect to a planar MOSFET. 

[0136] Referring to Fig. 27, the planar MOSFET of the present embodiment is distinguished from the Fig. 6 trench 
w MOSFET in the arrangement of p well 7a and source n + diffusion region 8a and the arrangement of gate insulation layer 

9a and gate electrode layer 10a. More specifically, p well 7a is located at the first main surface of the semiconductor 

substrate between source n + diffusion region 8a and n diffusion region 3, and on the first main surface of p well 7a 

between source n+ diffusion region 8a and n diffusion region 3 Is provided gate electrode layer 10a with gate Insulation 

layer 9a interposed therebetween. 
is [0137] The remainder of the structure is substantially the same as the Fig. 6 structure and Identical members are 

denoted by same reference characters and a description thereof will not be repeated. 

[01 38] A manufacturing method according to the present embodiment will now be described. 

[0139] The manufacturing method according to the present embodiment initially follows steps substantially the 

same as the Figs. 9, 15 steps in the seventh embodiment. Thereafter, filler layer 5 is left only in trench 5a, as shown in 
20 Fig. 28, and source n + diffusion region 8a, gate insulation layer 9a and gate electrode layer 10a are then formed, as 

shown in Fig. 27, to complete a planar MOSFET. 

[0140] While trench 5a has a sidewall extending substantially perpendicular to the first main surface, as shown in 
Fig. 27, it may be alternatively trench 5b, having a sidewall with an inclination varying with its depth, as shown in Fig. 
29. It should be noted, however, that the depth at which the trench's sidewall has the varied inclination (i.e., the bottom 
25 of the fist extending portion) is greater than the depth of p and n diffusion regions 2 and 3 by at least diffusion length L, 
as has been described in the second embodiment 

[0141] The remainder of the structure shown in Fig. 29 is substantially the same as the Fig. 27 structure, so that 
identical members are denoted by same reference characters and a description thereof wilt not be repeated. 
[0142] In the present embodiment, p and n diffusion regions 2 and 3 can have a uniform concentration that is con- 
30 tinuous in a direction perpendicular to the first main surface, and a high withstand voltage and low ON-resistance planar 
MOSFET can thus be obtained. 

Ninth Embodiment 

35 [0143] The present embodiment win be described with respect to a diode with a p base formed at a substrate sur- 
face. 

[0144] Referring to Fig. 30. a semiconductor substrate has a first main surface with a plurality of trenches 5a pro- 
vided repeatedly. In a region between trenches 5a are provided p and n diffusion regions 2 and 3, p diffusion region 2 
provided at a sidewall surface of one trench 5a, n diffusion region 3 provided at a sidewall surface of the other trench 

40 5a P and n diffusion regions 2 and 3 form a p-n junction in the direction of the depth of trench 5a. 

[0145] P base region 7 is formed at the first main surface side of p and n diffusion regions 2 and 3. Trench 5a is 
filled with filler layer 5 of silicon with a low dopant density (including monocrystalline silicon, polycrystaliine silicon, 
amorphous silicon and microcrystaliine silicon), an insulator such as silicon oxide film, or the like. Heavily doped n sub- 
strate region 1 is provided adjacent to a p-n repetition structure formed by p and n diffusion regions 2 and 3 and trench 

45 5a and closer to the second main surface than the repetition structure. 

[0146] P diffusion region 2 has a concentration of a dopant diffused from the sidewall surface of one trench 5a, and 
n diffusion region 3 has a concentration profile of a dopant diffused from the sidewall surface of the other trench 5a. 
[0147] A depth Ld of trench 5a from the first main surface is greater than a depth Nd of the p-n repetition structure 
from the first main surface by at least diffusion length L 

so [01 48] A manufacturing method according to the present embodiment will now be described. 

[0149] It first follows steps substantially the same as the Figs. 9-15 steps in the first embodiment, and then follows 
a structure similar to the Fig. 28 structure in the eighth embodiment. Then, CVD silicon nitride film 13 and thermal oxide 
film 12 are successively removed to complete the diode shown in Fig. 30. 

[0150] While trench 5a has a sidewall extending substantially perpendicular to the first main surface, as shown in 
55 Fig. 30. it may be alternatively trench 5b. having a sidewall with an inclination varying with its depth, as shown in Fig. 
31. It should be noted, however, that the depth at which the trench's sidewall has the varied inclination (i.e., the depth 
of the bottom of the first extending portion) is greater than the depth of p and n diffusion regions 2 and 3 by at least dif- 
fusion length U as has been described in the second embodiment 
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[0151] The remainder of the Rg. 31 structure is substantially the same as the Fig. 30 structure, and identical mem- 
bers are denoted by same reference characters and a description thereof will not be repeated. 
[0152] In the present embodiment p and n diffusion regions 2 and 3 can have a uniform concentration that is con- 
tinuous in a direction perpendicular to the first main surface and a high withstand voltage and low ON-resistance diode 
s can thus be obtained. 

Tenth Embodiment 

[01 53] The present embodiment will be described with respect to a Schottky barrier diode with a Schottky contact 

10 formed at a substrate surface. 

[01 54] Referring to Rg. 32, the present embodiment is distinguished from the Rg. 30 structure in that p base region 
7 is replaced by an electrode 18 having a Schottky contact. More specifically, p and n diffusion regions 2 and 3 forming 
a p-n repetition structure reach the first main surface of the semiconductor substrate, and electrode 18 providing a 
Schottky contact is formed at n diffusion region 3 on the first main surface. 

15 [01 55] The remainder of the structure is substantially the same as the Rg, 30 structure, and identical members are 
denoted by same reference characters and a description thereof will not be repeated. 
[01 56] In manufacturing method according to the present embodiment will now be described. 
[0157] Referring to Rg. 33, heavily doped n substrate region 1 is provided with n* doped layer 6 thereon, e.g., 
through epitaxial growth. Then on the first main surface are provided thermal oxide film 12, CVD silicon nitride film 13 

20 and CVD silicon oxide film 1 4 providing a 3-layered structure having a desired form. With the structure formed by the 
stacked layers 12, 13 and 14 used as a mask, the underlying layers are anisotropically etched. 
[01 58] Referring to Rg. 34, the etch penetrates n" doped layer 6 to provide trench 5a reaching heavily doped n sub- 
strate region 1. The depth of trench 5a from the first main surface is greater than the depth of n' doped layer 6 from the 
first main surface by at least diffusion length L 

25 [01 59] Thereafter, ion implantation and a thermal treatment for dopant diffusion are provided, as shown in Rgs. 1 2- 
14, to provide the condition shown in Rg. 35. Then, filler layer 5 except that in trench 5a is removed and CVD silicon 
oxide film 14 is also removed and then CVD silicon nitride film 13 and thermal oxide film 12 are also successively 
removed to provide the condition shown in Fig. 36. Then, as shown in Rg. 32. electrode 18 in Schottky contact with n 
diffusion region 3 is provided on the first main surface to complete a Schottky barrier diode. 

30 [0160] While trench 5a has a sidewail extending substantially perpendicular to the first main surface, as shown in 
Fig. 32, it may be alternatively trench 5b, having a sidewail with an inclination varying with its depth, as shown in Rg. 
37. It should be noted, however, that the depth at which the trench's sidewail has the varied inclination (i.e., the depth 
of the bottom of the first extending portion) is greater than the depth of n diffusion regions 2 and 3 by at least diffusion 
length L 

35 [01 61 ] The remainder of the structure shown in Rg. 37 is substantially the same as the Rg. 32 structure, and iden- 
tical members are labeled by same reference characters and a description thereof will not be repeated. 
[01 62] In the present embodiment p and n diffusion regions 2 and 3 can have a uniform concentration that is con- 
tinuous in a direction perpendicular to the first main surface, and a high withstand voltage and low ON-resistance 
Schottky barrier diode can thus be obtained. 

40 [0163] Although the present invention has been described and illustrated in detaB, it is dearly understood that the 
same is by way of illustration and example only and Is not to be taken by way of limitation, the spirit and scope of the 
present invention being limited only by the terms of the appended claims. 

Industrial Applicability 

45 

[01 64] The present invention is advantageously applicable to a low ON-resistance, low switching-loss, power sem- 
iconductor device used for various types of power supply devices, and a method of manufacturing the same. 

Claims 

so 

1 . A semiconductor device comprising 

a semiconductor substrate of a first conductivity type, having first and second main surfaces opposite to each 
other, said first main surface being provided with a plurality of trenches, 
55 a first doped region of the first conductivity type formed in a mesa region of said semiconductor substrate 

between adjacent one and other trenches of said plurality of trenches at the sidewail surface of said one trench, 
having a doping concentration profile provided by a dopant of the first conductivity type diffused from the side- 
wall surface of said one trench, and having a doping concentration lower than that of a region of the first con- 
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ductivity type of said semiconductor substrate, and 

a second doped region of a second conductivity type formed in said mesa region at the sidewall surface of said 
other trench, having a doping concentration profile provided by a dopant of the second conductivity type dif- 
fused from the sidewall surface of said other trench, and forming a p-n junction together with said first doped 
5 region, 

said one and other trenches having a first extending portion extending from said first main surface to a first 
depth position while having a sidewall surface with a predetermined inclination maintained with respect to said 
first main surface, 

said first and second doped regions being shallower than said first depth position, as measured from said first 
10 main surface, by at least a length of diffusion of said dopants of the first and second conductivity types in man- 

ufacturing the semiconductor device. 

2. The semiconductor device according to claim 1, wherein said one and other trenches each also have a second 
extending portion tapering toward said second main surface, said second extending portion extending deeper than 

15 said first depth position towards said second main surface to a second depth position and having a sidewall surface 
with an inclination Afferent from that of said first extending portion. 

3. The semiconductor device according to claim 1 , further comprising: 

20 a third doped region of the second conductivity type formed at said first main surface side of said first and sec- 

ond doped regions and electrically connected to said second doped region; 

a fourth doped region of the first conductivity type formed at at least one of said first main surface or a sidewall 
surface of said one trench such that said fourth doped region is opposite to said first doped region with said 
third doped region posed therebetween; and 
25 a gate electrode layer opposite to said third doped region between said first and fourth doped regions, with a 

gate insulation layer posed therebetween. 

4. The semiconductor device according to claim 3, wherein said gate electrode layer is provided in said trench. 

30 5. The semiconductor device according to claim 3, wherein said gate electrode layer is formed on said first main sur- 
face. 

6. The semiconductor device according to claim 1 , further comprising a third doped region of the second conductivity 
type formed at said first main surface side of said first and second dope regions and electrically connected to said 

35 second doped region. 

7. The semiconductor device according to claim 1 , further comprising an electrode layer in Schottky contact with said 
first doped region. 

40 8. The semiconductor device according to claim 1 , wherein a diffusion length of each of said dopants of the first and 
second conductivity types in manufacturing the semiconductor device is longer than a distance from the sidewall 
surface of each of said one and other trenches to p-n junction of said first and second doped regions. 

9. A method of manufacturing a semiconductor device, comprising the steps of 

45 

providing a semiconductor substrate having first and second main surfaces opposite to each other, said semi- 
conductor substrate having a heavily doped region of a first conductivity type at said second main surface and 
having a lightly doped region of the first conductivity type at said first main surface side, 
providing in said semiconductor substrate a plurality trenches having a first extending portion extending from 
so said first main surface through said heavily doped region to a first depth position while having a sidewall sur- 

face with a predetermined inclination maintained relative to said first main surface. 

obliquely implantation a dopant of the first conductivity type in a mesa region of said semiconductor substrate 
between adjacent one and other trenches of said plurality of trenches at a sidewall surface of said one trench, 
to form at the sidewall surface of said one trench a first doped region of the first conductivity type having a dop- 
55 ing concentration lower than that of said heavily doped region, and 

obliquely implantation a dopant of the second conductivity type in said mesa region at a sidewall surface of said 
other trench, to provide a second doped region of the second conductivity type at the sidewall surface of said 
other trench to provide a p-n junction of said first and second doped regions, 
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said first depth position being closer to said second main surface than a junction of said heavily and lightly 
doped regions to said second main surface by at least a diffusion length of each of said dopants of the first and 
second conductivity types in manufacturing the semiconductor device, 

said dopants of the first and second conductivity types being each implanted at an angle allowing each of said 
5 dopants of the first and second conductivity types to be directly introduced into a sidewall surface of said french 

located at a depth closer to said second main surface than said junction of said heavily and lightly doped 
regions to said second main surface by at least said diffusion length of each of said dopants of the first and 
second conductivity types in manufacturing the semiconductor device. 

ro 1 0. The method according to claim 9, wherein said plurality of trenches each have a second extending portion tapering 
toward said second main surface, said second extending portion extending deeper than said first depth position 
towards said second main surface to a second depth position while having a sidewall surface with an inclination dif- 
ferent from that of said first extending portion. 

15 1 1 . The method according to claim 9, further comprising : 

providing a third doped region of the second conductivity type at said first main surface side of said first and 
second doped regions to be electrically connected to said second doped region; 

providing a fourth doped region of the first conductivity type at at least one of said first main surface or a side- 
20 wall surface of said one trench such that said fourth doped region is opposite to said first doped region with 

said third doped region posed therebetween; and 

providing a gate electrode layer opposite to said third doped region between said first and fourth doped 
regions, with a gate insulation layer posed therebetween. 

25 12. The method according to claim 1 1 . wherein said gate electrode layer is formed in said trench. 

1 3. The method according to claim 1 1 , wherein said gate electrode layer is formed on said first main surface. 

14. The method according to claim 9, further comprising the step of providing a third doped region of the second con- 
so ductivity type at said first main surface side of said first and second doped regions to be electrically connected to 

said second doped region. 

15. The method according to claim 9, further comprising the step of providing an electrode layer in Schottky contact 
with said first doped region. 

35 

16. The method according to claim 9, wherein a diffusion length of each of said dopants of the first and second con- 
ductivity types in manufacturing the semiconductor device is longer than a distance from the sidewall surface of 
each of said one and other trenches to p-n junction of said first and second doped regions. 

40 
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